Source waters sampled from Perpetual Spouter hot spring (pH 7.03, 86.4°C), Yellowstone National Park, WY, have low concentrations of total ammonia, nitrite, and nitrate, suggesting nitrogen (N) limitation and/or tight coupling of N cycling processes. Dominant small-subunit rRNA sequences in Perpetual Spouter source sediments are closely affiliated with the ammonia-oxidizing archaeon "Candidatus Nitrosocaldus yellowstonii" and the putatively nitrogen-fixing (diazotrophic) bacterium Thermocrinis albus, respectively, suggesting that these populations may interact at the level of the bioavailable N pool, specifically, ammonia. This hypothesis was evaluated by using a combination of geochemical, physiological, and transcriptomic analyses of sediment microcosms. Amendment of microcosms with allylthiourea, an inhibitor of ammonia oxidation, decreased rates of acetylene reduction (a proxy for N 2 fixation) and nitrite production (a proxy for ammonia oxidation) and decreased transcript levels of structural genes involved in both nitrogen fixation (nifH) and ammonia oxidation (amoA). In contrast, amendment of microcosms with ammonia stimulated nitrite production and increased amoA transcript levels while it suppressed rates of acetylene reduction and decreased nifH transcript levels. Sequencing of amplified nifH and amoA transcripts from native sediments, as well as microcosms, at 2 and 4 h postamendment, indicates that the dominant and responsive populations involved in ammonia oxidation and N 2 fixation are closely affiliated with Ca. Nitrosocaldus yellowstonii and T. albus, respectively. Collectively, these results suggest that ammonia-oxidizing archaea, such as Ca. Nitrosocaldus yellowstonii, have an apparent affinity for ammonia that is higher than that of the diazotrophs present in this ecosystem. Depletion of the bioavailable N pool through the activity of ammonia-oxidizing archaea likely represents a strong selective pressure for the inclusion of organisms capable of nitrogen fixation in geothermal communities. These observations help to explain the strong pattern in the codistribution of ammonia-oxidizing archaea and diazotrophs in circumneutral-to-alkaline geothermal springs.
A
ll life requires fixed sources of nitrogen (N), and its availability often limits productivity in natural ecosystems (1) . Biological nitrogen fixation, or the reduction of dinitrogen (N 2 ) to ammonia (NH 3 ), is a keystone process in N-limited ecosystems, providing bioavailable fixed N for use in the synthesis of macromolecules (e.g., protein, nucleic acids) for both N 2 -fixing (diazotrophic) and non-N 2 -fixing members of the community (2) . In addition to the use of total ammonia [i.e., NH 4 ϩ (aq) and NH 3 o (aq) , written as NH 4 (T)] in anabolic macromolecular synthesis, several lineages of bacteria and archaea have evolved to use NH 4 (T) as a source of reductant through the process of NH 4 (T) oxidation or the sequential oxidation of NH 4 (T) to nitrite (NO 2 Ϫ ) (3). This process, documented to occur in a diversity of environments that span terrestrial and marine ecosystems (4-10), represents an additional sink on the bioavailable NH 4 (T) pool.
NH 4 (T) oxidation activity was recently demonstrated in a number of terrestrial hot springs (11) (12) (13) at temperatures that exceed the proposed ϳ62°C upper limit of bacteria capable of NH 4 (T) oxidation (14) . In these environments, NH 4 (T) oxidation was shown to be catalyzed by archaea affiliated with the phylum Thaumarchaeota (15) . "Candidatus Nitrosocaldus yellowstonii," the first cultivated thermophilic member of the phylum Thaumarchaeota (11) , obligately uses NH 4 (T) as a source of reductant to drive inorganic carbon fixation under oxic conditions. Previous studies have shown Ca. Nitrosocaldus yellowstonii to be a widespread member of communities inhabiting circumneutral-to-alkaline hot springs in a number of globally distributed geothermal systems (11) (12) (13) . More recently, screening of communities inhabiting geochemically heterogeneous springs in Yellowstone National Park (YNP) revealed a nearly universal distribution of archaeal ammonia monooxygenase genes (amoA), a proxy for NH 4 (T)-oxidizing archaea (16) , in circumneutral and alkaline springs (17) . All of the amoA sequences obtained from selected springs with temperatures of Ͼ60°C were found to be Ͼ97% identical at the nucleotide level to amoA from Ca. Nitrosocaldus yellowstonii (E. S. Boyd, unpublished data).
Concentrations of NH 4 (T) in alkaline geothermal systems, including those documented to contain abundant populations of putative NH 4 (T)-oxidizing archaea affiliated with Ca. Nitrosocaldus yellowstonii (11, 17) , tend to be low (Ͻ100 M) relative to those in acidic geothermal springs (18) (Fig. 1A) . The low concentrations of NH 4 (T) in alkaline geothermal springs is due, in part, to geological, chemical, and hydrological factors, most notably, the equilibration of aqueous NH 4 ϩ (aq) with NH 3(g) (pK ϭ 7.6 at 90°C) and the subsequent volatilization of NH 3(g) out of the system (18) . The success of NH 4 (T)-oxidizing archaea in other NH 4 (T)-limited ecosystems, such as the marine water column, has been attributed to their high affinity for reduced nitrogen (19) , which enables these populations to obtain NH 4 (T) at ambient concentrations much lower (Ͼ10 nM) than those of bacterial NH 4 (T) oxidizers and other members of the community. The thermophilic NH 4 (T)-oxidizing archaea in NH 4 (T)-limited alkaline geothermal ecosystems may have similar adaptations to acquire this nutrient at low concentrations and/or may play an active role in maintaining the low concentrations of NH 4 (T) in these systems.
The N-limited nature of most alkaline geothermal springs in YNP is expected to represent a strong selective pressure for inclusion of microbial populations with the capacity to fix N 2 via the enzyme nitrogenase in resident communities. Indeed, a recent analysis of the distribution of the gene encoding the nitrogenase iron protein (nifH, a proxy for nitrogen fixation potential) in a range of YNP environments revealed a nearly universal distribution in circumneutral-to-alkaline ecosystems (20) , similar to the distributional pattern of archaeal amoA (17) (Fig. 1B) . More recently, nifH genes were shown to be actively transcribed in a number of high-temperature circumneutral-to-alkaline YNP springs (21) , consistent with a role in N 2 fixation in these systems. In the present study, we hypothesized that the strong pattern in the codistribution of putative NH 4 (T)-oxidizing archaea and putative N 2 -fixing microorganisms across YNP circumneutral-to-alkaline hot spring environments (Fig. 1B) is the result of the activity of NH 4 (T)-oxidizing archaea, which function to maintain low bioavailable NH 4 (T) concentrations, which in turn select for biological N 2 fixation (diazotrophy). We evaluated this hypothesis by using a combination of inhibitor-and suppressor-based microcosm manipulations at Perpetual Spouter (PS) hot spring, a circumneutral geothermal spring in YNP where evidence of the presence of populations putatively involved in NH 4 (T) oxidation (17) and N 2 fixation (20) has been documented.
MATERIALS AND METHODS
Description of sample sites and experimental design. Microcosm-based biological activity assays, geochemical assays, and genetic/transcriptional assays (described in detail below) were conducted at PS hot spring (YNP thermal inventory ID NBB113), Norris Geyser Basin, YNP, WY, in May 2012.
Chemical analyses. Spring temperature and pH were determined with a Cole-Parmer temperature-compensated model 59002-00 electrode. An alcohol thermometer was used to confirm the temperature. Conductivity was measured with a YSI model 33 S-C-T meter (Yellow Springs Instrument Company, Inc., Yellow Springs, OH). Conductivity values were standardized to a common temperature of 25.0°C as previously described (20) . Early attempts to quantify dissolved NH 4 ϩ and NO 2 Ϫ in spring source waters and microcosm fluid via ion chromatography were confounded by the elevated Na ϩ and Cl Ϫ concentrations in PS source water (ϳ22 mM each [22] ). Thus, dissolved NO 2 Ϫ and NH 4 (T) were determined by colorimetric approaches with a Hach DR/890 spectrophotometer and AccuVac ampuls for NO 2 Ϫ , and an AmVer ammonia reagent set for NH 4 (T) (Hach Company, Loveland, CO). Water for analysis was filtered through a 0.2-m Supor filter prior to analysis. NH 4 (T) refers to the sum of the dissolved species of aqueous NH 3 and NH 4 ϩ as measured by colorimetry (18) .
DNA extraction and qPCR of 16S rRNA genes. Sediments for molecular analyses (DNA or RNA) were collected aseptically with a flamesterilized spatula, placed in 1.5-ml centrifuge tubes containing 500 l RNAlater (Qiagen, Valencia, CA), and immediately flash frozen in a dry ice-ethanol slurry for transport to Montana State University (MSU), where they were kept at Ϫ80°C for use in molecular analyses. Genomic DNA was extracted from ϳ250 mg of PS sediments as previously described (24) and was quantified with the Qubit DNA Assay kit (Life Technologies, Grand Island, NY) and a Qubit 2.0 Fluorometer (Life Technologies). Quantitative PCR (qPCR) was used to estimate the number of archaeal and bacterial 16S rRNA gene sequences in genomic DNA as described previously (10) . Assays were performed in triplicate in a RotorGene 300 real-time qPCR machine (Qiagen) with the SsoFast EvaGreen Supermix qPCR kit (Bio-Rad Laboratories, Hercules, CA). The qPCR cycling conditions used are described in more detail in the supplemental material, and primer sequences and annealing temperatures are provided in Table S1 in the supplemental material. Standard curves relating the template copy number to the threshold qPCR amplification signal (see Table S2 in the supplemental material) were generated with plasmid DNA generated from the cloning of bacterial and archaeal 16S rRNA genes generated from PS as previously described (10) .
RNA extraction, cDNA synthesis, amplicon cloning, and sequencing. RNA was extracted from native sediments (represents time zero in microcosm studies) and from sediments that were incubated for 2 or 4 h (microcosm studies) with the FastRNA Pro Soil-Direct kit (MP Biomedical, Solon, OH). RNA was extracted in triplicate from ϳ400 mg of sediment from each microcosm. Following extraction and purification, equal volumes of RNA from each replicate extraction were pooled and subjected to DNase I digestion (Roche) for 1 h at room temperature (ϳ22°C). Fol- lowing digestion, RNA was further purified with a High Pure RNA Isolation kit (Roche, Indianapolis, IN) and stored at Ϫ80°C in the presence of 2 volumes of 100% ethanol and 0.1 volume sodium acetate (final concentration, 0.3 M) until further processed. The amount of RNA in each pooled volume was quantified with the Qubit RNA Assay kit (Life Technologies). As an additional precaution, RNA extracts were screened for the presence of contaminating genomic DNA via a PCR with ϳ1 ng of RNA serving as the template and archaeal or bacterial 16S rRNA gene primers (see Table S1 in the supplemental material) as described above. cDNA was synthesized from ϳ15 ng of purified RNA with the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA) under the following reaction cycling conditions: 5 min at 25°C, 30 min at 42°C, and 5 min at 85°C. Following synthesis of cDNA, samples were purified by precipitation (with ethanol and sodium acetate as described above) and resuspended in nuclease-free water for use in pyrotag sequencing of 16S cDNA (described below).
nifH and archaeal amoA were amplified from cDNA synthesized from RNA extracted from native sediment (0 h of incubation), as well as 2-and 4-h microcosms, as previously described (5, 20) . Archaeal and bacterial 16S cDNA was amplified from native sediment (0 h of incubation) only. For the 2-and 4-h microcosms, equal amounts of pooled RNA extracted from each microcosm (performed in triplicate for each time point; see details below) were combined prior to cDNA synthesis. PCR cycling conditions, primers, sequences, and annealing temperature are provided in the supplemental material (see Table S1 ). PCR products were quantified, cloned, and subjected to Sanger sequencing as previously described (24) . Putative nifH and amoA sequences were translated with the ExPASy translate tool (http://www.expasy.ch/tools/dna.html). nifH, archaeal amoA, bacterial amoA, and archaeal/bacterial 16S cDNA plasmids were used as standards in quantitative reverse transcription-PCR (qRT-PCR) assays (see below).
qRT-PCR assays. The abundances of 16S rRNA, nifH transcripts, and archaeal amoA transcripts in RNA extracts were determined by qRT-PCR as previously described (23) , with the Power SYBR green RNA-to-C T one-step kit (Life Technologies) according to the manufacturer's protocol. qRT-PCR assays were performed on a Qiagen RotorGene-Q real-time PCR detection system. qRT-PCR assay reaction mixtures, cycling conditions, primers, and calculation of fold change (difference in the abundance of amoA or nifH transcripts between time zero and microcosm experiments as outlined below) are described in more detail in the supplemental material (see Table S1 ). Negative control reaction mixtures contained either no reverse transcriptase or no template RNA. Standard curves and detection limits (see Table S2 ) were generated with purified and quantified cDNA plasmids (see above).
Small-subunit (SSU) cDNA sequencing. Archaeal and bacterial 16S cDNA was sequenced by the Research and Testing Laboratory (Lubbock, TX) as previously described (25), with the primers described in Table S1 in the supplemental material. Pyrotag libraries were sequenced with a 454 Genome Sequencer FLX System (Roche, Branford, CT). Postsequencing processing was performed with mother, version 1.25.1 (26) (for processing details, see the supplemental material).
Acetylene reduction assays. The acetylene reduction assay was used as a proxy for N 2 fixation (27) in order to assess the influence of amendment with NH 4 ϩ (1 mM final concentration), allylthiourea (ATU; 1 mM final concentration), or NH 4 ϩ and ATU (each at a 1 mM final concentration) on N 2 fixation activity. Prior to experimentation, it was first necessary to confirm the stability of ATU at a high temperature (i.e., 86°C). ATU (pH 7.2) was added to 10 ml of autoclaved sterilized distilled water (pH 7.2) contained in 24-ml serum bottles. Triplicate incubations were prepared under an atmosphere of N 2 or air. The release of NH 4 (T) into solution was monitored via chromatography (Metrohm, Riverview, FL) with a Metrosep C-4 150/2.0 column (Metrohm) every hour for 8 h. No NH 4 ϩ was detected (detection limit, ϳ0.5 M) in solution after 8 h (data not shown) in the presence of N 2 or air.
Microcosms for the measurement of acetylene reduction were prepared as previously described (28) . Briefly, ϳ500 mg of sediment was transferred to presterilized 20-ml serum vials and sediments were overlaid with 10 ml of source water taken directly from the spring. Vials were sealed with butyl stoppers and purged with Ar. Microcosms were amended with NH 4 Cl, ATU, NH 4 Cl plus ATU, HgCl 2 (final concentration, 500 M; killed control), or nothing (biological controls). Assays were initiated immediately following amendment by the addition of 500 l of high-purity, O 2 -free acetylene. Microcosms were incubated in situ at the thermal transect where sediments were collected. All assays were performed in triplicate, and mixtures were incubated for 4 h following the addition of acetylene. Additional replicate microcosms were prepared and incubated at PS for use in RNA-based analyses. At 2-and 4-h incubation intervals, one set of triplicate microcosms was immediately flash frozen in a dry iceethanol slurry for molecular analysis. Upon the completion of gas phase subsampling (described below) and dissolved inorganic N determinations (described above), all microcosms were flash frozen in a dry ice-ethanol slurry and stored at Ϫ80°C. Samples for dissolved nitrogen species in the quenched assays were determined as described above.
The presence of ethylene in the gas phase was determined by subsampling 500 l of the headspace of each replicate assay with a gas-tight syringe and injecting it into an O 2 -free 3-ml serum vial containing N 2 . Subsamples were analyzed for the presence of ethylene immediately upon return to the laboratory at MSU as previously described (28) . The presence of ethylene was determined with a model GC-8A gas chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with an 80/100 Porapak Q column (Supelco, St. Louis, MO) and a flame ionization detector with helium as the carrier gas. The temperature of the injector was held at 190°C, and the column temperature was held at 120°C. The concentration of ethylene was determined by comparison to freshly prepared standards. The reported rates of acetylene reduction (ethylene production) reflect the difference in concentration among three replicate biological controls (no treatment) and three killed controls (500 M HgCl 2 ) for each incubation time. Rates of acetylene reduction activity were normalized to grams of dry mass (gdm) of sediments used in each incubation.
Nucleotide sequence accession numbers. The nifH and archaeal amoA sequences representing each operational taxonomic unit (OTU) have been deposited in the GenBank, DDBJ, and EMBL databases under accession numbers KC254651 to KC254657 and KC254659 to KC254660, respectively (see Tables S3 and S4 and Fig. S1 and S2 in the supplemental material). Sequences representing each archaeal and bacterial 16S OTU have been deposited in the GenBank, DDBJ, and EMBL databases under accession numbers KC254661 to KC254693 (see Tables S5 and S6 in the supplemental material).
RESULTS
Site characterization. Perpetual Spouter hot spring (PS), Yellowstone National Park (YNP), WY, is a circumneutral geothermal spring characterized by a relatively low concentration of NH 4 (T) ( Table 1 ). The source fluid where experiments were conducted at PS (Fig. 2) had a pH of 7.03 and a temperature of 86.4°C.
Abundance and composition of SSU 16S rRNA in PS communities. The abundance of bacterial 16S rRNA in sediment samples from the source of PS (pH 7.03, 86.4°C) was greater than the abundance of archaeal 16S rRNA (Fig. 3A) . The dominant archaeal SSU 16S rRNA sequences recovered were 84% identical to those of Vulcanisaeta distributa in the order Thermoproteales (68% of all sequences) and 99% identical to those of Ca. Nitrosocaldus yellowstonii in the phylum Thaumarchaeota (31% of all sequences) (Fig. 3B) . The dominant bacterial SSU 16S rRNA sequences recovered from PS sediments were 99% identical to those of T. albus in the order Aquificales (33% of all sequences), 87% identical to those of Thermotoga thermarum in the order Thermotogales (31% of all sequences), and 98% identical to those of Thermus brockianus in the order Thermales (21% of all sequences) (Fig. 3C) .
Probing the interaction between NH 4 (T) oxidizers and diazotrophs. Acetylene reduction assays (proxy for N 2 fixation) and geochemical measurements were used to monitor the response of biological N 2 fixation and NH 4 (T) oxidation activity to various amendments aimed at disrupting the interaction between these two processes. Microcosms containing PS sediments amended with 1 mM NH 4 ϩ had an average rate of acetylene reduction 63% lower than that of unamended controls (25 nmol ethylene gdm Ϫ1 h Ϫ1 ) ( Table 2 ). Geochemical measurements indicated that a fraction of the NH 4 ϩ added to microcosms containing PS sediments was converted to NO 2 Ϫ during the course of incubation (Fig. 4) . The combination of higher levels of NO 2 Ϫ (a proxy for NH 4 (T) oxidation activity) and a decreased rate of acetylene reduction activity following the addition of NH 4 ϩ suggests that the addition of exogenous NH 4 (T) may simultaneously stimulate the activity of NH 4 (T) oxidizers while also relieving fixed N limitation in diazotrophic populations.
Microcosms were amended with ATU, an inhibitor of NH 4 (T) oxidation, in order to examine the influence of NH 4 (T) oxidation on N 2 fixation. ATU-amended microcosms contained measurable concentrations of NH 4 (T) after 4 h, in contrast to those in unamended microcosms, which were below the limit of detection (Fig. 4) , indicating that NH 4 (T) oxidation had been at least partially inhibited by ATU. Amendment of microcosms with ATU decreased the rate of acetylene reduction activity to levels below the limit of detection, in contrast to unamended controls ( Table  2 ). Given that ATU does not affect acetylene reduction in batch cultures of the model diazotrophic organism A. vinelandii AvOP cultivated in N-limited medium (see Table S7 in the supplemental material) and that no detectable NH 4 (T) is released from ATU during 24 h of incubation under conditions mimicking those of the microcosm incubations (i.e., 86°C) (data not shown), these results suggest that the decrease in acetylene reduction observed in PS in the presence of ATU is the result of decreased demand on the bioavailable NH 4 (T) pool due to inhibition of biological NH 4 (T) oxidation. Thus, the decrease in acetylene reduction activity when NH 4 (T) oxidation was at least partially inhibited indicates an interaction between these two guilds of organism and suggests that NH 4 (T)-oxidizing archaea are likely to have an affinity for NH 4 (T) higher than that of diazotrophs.
Amendment of microcosms with both NH 4 ϩ and ATU resulted in an apparent stimulation of NH 4 (T) oxidation activity compared to unamended controls, as indicated by nearly complete depletion of the added NH 4 ϩ and an increase in NO 2 Ϫ following the 4-h incubation (Fig. 4) . The concentration of NO 2 Ϫ in microcosms amended with both NH 4 ϩ and ATU (double amendment) was higher than that in microcosms amended with ATU only but lower than that in microcosms amended with NH 4 ϩ only. Likewise, the rate of acetylene reduction was significantly higher in microcosms amended with both ATU and NH 4 ϩ than in microcosms amended with ATU only but lower than that in microcosms amended with NH 4 ϩ only (Table 2) . To examine the effect of NH 4 ϩ and ATU amendment on diazotrophic and NH 4 (T)-oxidizing populations, the abundance of nifH, bacterial amoA, and archaeal amoA transcripts in RNA extracted from sediment microcosms was quantified by qRT-PCR and transcript levels were compared to those in native PS sediments (Fig. 5) . Bacterial amoA transcript levels were below the limit of detection in all assays (data not shown), consistent with the absence of SSU rRNA sequences affiliated with bacterial NH 4 (T) oxidizers in these communities (see Table S6 in the supplemental material). Archaeal amoA transcript levels in unamended controls over the 2-and 4-h incubation periods were similar to the levels in native sediments (Fig. 5A) . Likewise, nifH transcript abundances did not change significantly in unamended controls over the 2-and 4-h incubation periods (Fig. 5C ). How- ever, amendment of microcosms with NH 4 ϩ resulted in a 10-fold increase in archaeal amoA transcript levels relative to those in unamended microcosms following 2 h of incubation, consistent with geochemical data indicating active NH 4 (T) oxidation under these conditions (Fig. 5B) . nifH transcript levels also decreased upon amendment with NH 4 ϩ , resulting in 6-and 4-fold decreases relative to unamended controls in the 2-and 4-h incubations, respectively (Fig. 5D) . The decrease in amoA transcripts and the increase in nifH transcripts after 4 h compared to those at the 2-h time point suggest that most of the exogenous NH 4 (T) had been consumed during this time, which was also indicated by the levels of NH 4 (T), which were lower after 4 h than at time zero (Fig. 4) .
Amendment of microcosms with ATU resulted in 5-and 11-fold decreases in the abundance of archaeal amoA transcripts relative to that in unamended controls following 2-and 4-h incubations, respectively (Fig. 5B) . Likewise, amendment of microcosms with ATU resulted in 10-and 14-fold decreases in nifH transcript abundance relative to that in unamended controls following 2-and 4-h incubations, respectively (Fig. 5D) . Consistent with the hypothesis that NH 4 ϩ amendment induces the expression of the NH 4 (T) oxidation complex to a greater extent than ATU amendment suppresses expression compared to that in unamended controls, double amendment of microcosms with both ATU and NH 4 ϩ resulted in a decrease in archaeal amoA transcripts but to a lesser extent than in microcosms treated only with ATU in both the 2-and 4-h incubations. Only a small decrease in archaeal amoA transcript levels (1-fold) was observed in microcosms amended with both ATU and NH 4 ϩ relative to those in unamended controls following 2 h of incubation. Following 4 h of incubation, a greater decrease in archaeal amoA transcript levels (5-fold) was observed in microcosms amended with both ATU and NH 4 ϩ than in unamended controls, consistent with nearly complete depletion of the available NH 4 (T) pools in microcosms (Fig. 4) . Compared to the nifH transcript levels in unamended Archaeal (B) and bacterial (C) 16S rRNA composition of sediments from the source of PS. Representative OTUs from the ϳ3,000 sequences in each library were binned at the order level for archaea (B) and bacteria (C). The most abundant genus in each order is indicated with the number of sequences affiliated with that genus in parentheses. Taxonomic bins that represented Ͻ5.0% of the total sequences from each assemblage were pooled and are depicted as "Other." Results of qPCR and qRT-PCR assays are presented as the means of assays performed in triplicate on a log scale; error bars represent the standard deviations of the means. controls, those in microcosms amended with ATU decreased more than those that received both NH 4 ϩ and ATU. nifH transcript levels in microcosms amended with both NH 4 ϩ and ATU were 7-and 11-fold lower than those in unamended controls but 3-fold higher than those in microcosms amended with ATU only.
Composition of nifH and archaeal amoA transcripts. The composition of nifH and archaeal amoA transcripts amplified from native sediment was compared to that obtained from unamended and NH 4 ϩ -amended microcosms following 2-and 4-h incubations (Fig. 6) . The composition of archaeal amoA transcripts in native PS sediments comprised two phylotypes that both clustered with Ca. Nitrosocaldus yellowstonii amoA (97 and 99% amino acid sequence identity) ( Fig. 6A ; see Table S4 and Fig. S2 in the supplemental material). Little variation was observed in the relative abundance of these phylotypes over the incubation period or in the presence or absence of amendments. The dominant (75% of 16 clones) nifH transcripts amplified from native sediments were closely affiliated with nifH from T. albus (97 to 100% amino acid sequence identity), with the remaining 25% of the transcripts exhibiting close affiliation with nifH from Thermodesulfovibrio yellowstonii (96 to 98% amino acid sequence identity) in the order Nitrospirales (see Table S3 and Fig. S1 in the supplemental material). Only minor variations in the composition of amoA transcripts were observed in unamended controls following 2-and 4-h incubations (Fig. 6A) .
Amendment of microcosms with NH 4 ϩ resulted in a shift in the composition of nifH transcript pools with the dominant sequences (92% of 12 clones) closely affiliated with nifH from T. yellowstonii and only minor contributions from T. albus (8%) following 2 h of incubation (Fig. 6B) . At 4 h of incubation, the composition of nifH transcripts again shifted, with sequences closely affiliated with T. albus (63% of 16 clones) being the most abundant and with minor contributions from T. yellowstonii (31%) and Methylacidiphilum fumariolicum (6%) (Fig. 6B) . These observations suggest that T. albus is the dominant diazotroph in situ and that NH 4 (T) concentrations may differentially regulate the expression of nifH in T. albus and T. yellowstonii.
DISCUSSION
The analysis of 16S rRNA sequences obtained from PS indicates the presence of populations putatively capable of NH 4 (T) oxidation and N 2 fixation. Moreover, the NH 4 (T) concentration (23.5 M) is near the 20 M threshold known to induce N 2 fixation in pure cultures of the model diazotroph A. vinelandii (29) . Suppression of acetylene reduction activity (a proxy for N 2 fixation) by ATU (an inhibitor of NH 4 (T) oxidation) indicated that there is cross talk between the NH 4 (T)-oxidizing and diazotrophic populations in the PS ecosystem at the level of the bioavailable NH 4 (T) pool. Amendment of microcosms with NH 4 ϩ resulted in the simultaneous suppression of acetylene reduction activity and stimulation of NH 4 (T) oxidation activity. This observation, coupled with observations from the ATU treatment which showed a decrease in both amoA and nifH transcript levels, further indicates that the niche dimensions of Ca. Nitrosocaldus yellowstonii and the putative diazotroph Thermocrinis sp. are likely to overlap at the level of the bioavailable NH 4 (T) pool.
Competition for nutrients among organisms with differing nutritional requirements can be important in structuring microbial communities in natural systems (30, 32) . The resource ratio model of competition proposed by Tilman (31) suggests that the individual demand for nutrients and their relative rates of utilization will dictate the frequency of taxa at equilibrium in a natural community. This model is generally used to explain the dynamics of two populations that are competing for a single resource, such as NH 4 (T). However, it is not known if such models are suitable for explaining the frequency dependence of NH 4 (T) oxidizers, which primarily use this compound as a source of energy but also must use it to satisfy their own biosynthetic N demands, and diazotrophs, which can either assimilate NH 4 (T) or actively generate NH 4 (T) from N 2 for biosynthetic purposes. An intriguing possibility is that populations of Ca. Nitrosocaldus yellowstonii have adapted high-affinity NH 4 (T) acquisition systems, noted here and elsewhere (19) , that function to meet their own energetic and biosynthetic needs, resulting in the maintenance of sufficiently low concentrations of NH 4 (T) in spring waters to create an environment that would select for populations capable of N 2 fixation (33), such as the putative diazotroph T. albus. This hypothesis is consistent with the low concentrations of NH 4 (T) in many circumneutral-to-alkaline hot spring fluids (Fig. 1A) , which are generally below the threshold concentration of NH 4 (T) for the induction of N 2 fixation machinery in A. vinelandii, and the apparent ubiquity of diazotrophs in these systems (20) . In further support, a recent mathematical modeling study based on the V max and K m values of ammonia-oxidizing bacteria and archaea, as well as diazotrophic cyanobacteria, indicated that ammonium uptake by the former may necessitate cyanobacterial nitrogen fixation (33) . Importantly, while NH 4 is the preferred form of bioavailable N for most microbial populations, other forms of reduced nitrogen, such as nitrate and nitrite, may also serve as sources of fixed N for the organisms inhabiting PS. Therefore, the dynamics between ammonia-oxidizing archaea (AOA) and diazotrophs in PS and other circumneutral-to-alkaline springs may be more complex than presented here, especially given the apparent presence of assimilatory nitrite and nitrate reduction systems in the genome of T. albus (Kyoto Encyclopedia of Genes and Genomes pathway tal00910).
Cooccurring populations of Ca. Nitrosocaldus yellowstonii and putative diazotrophic members of the order Aquificae (e.g., Thermocrinis sp., Hydrogenobacter sp.) have a widespread distribution in geothermal springs, in particular those in YNP that have circumneutral-to-alkaline pHs (Fig. 1B) . For example, Thermocrinis species have been isolated from Octopus Spring (Lower Geyser Basin) and a spring in the Heart Lake Geyser Basin (34) and enrichments of Ca. Nitrosocaldus yellowstonii have been obtained from Octopus Spring and from several springs in the Heart Lake Geyser Basin (11) . Likewise, nifH genes closely related to nifH from members of the order Aquificales have previously been detected in hot springs located in both of the aforementioned geyser basins (20) and these springs exhibit a geochemistry similar to that of springs where Thermocrinis sp. and Ca. Nitrosocaldus yellowstonii cultures were previously enriched. Early enrichments of Ca. Nitrosocaldus yellowstonii were found not to be axenic but instead to harbor several populations of bacteria, including an undescribed population affiliated with the phylum Aquificae (11). More recent metagenomic sequencing efforts conducted with this consortium have revealed the presence of a 16S rRNA gene that is closely affiliated with that of Hydrogenobacter thermophilus TK-6 (ϳ96% nucleotide sequence identities) (J. R. de la Torre, unpublished data). The same contig that contains this 16S rRNA gene also contains a partial nif gene cluster that includes a nifH gene closely affiliated with the nifH genes of H. thermophilus TK-6 (ϳ96% amino acid identity) and T. albus (ϳ94% amino acid identity) (see Fig. S2 in the supplemental material) . The cooccurrence of NH 4 (T)-oxidizing Ca. Nitrosocaldus yellowstonii and members of the phylum Aquificae (which contains at least a partial nif gene cluster) in enrichment cultures, as well as N-limited circumneutral-to-alkaline geothermal springs such as PS and other YNP springs (Fig. 1B) , may allude to an underlying dependence of Ca. Nitrosocaldus yellowstonii on biogenic NH 4 (T) in these types of hydrothermal ecosystems.
The high energetic and genetic expense of biological nitrogen fixation has selected for tight regulation of nitrogenase at the transcriptional and translational levels in response to NH 4 (T) (35) . However, little is known regarding the regulation of NH 4 (T) oxidation in archaea. In the present study, treatment of microcosms with NH 4 ϩ resulted in a decrease in nifH transcripts and an increase in amoA transcripts compared to unamended controls, suggesting transcription level regulation of both processes by NH 4 (T) levels. With respect to nifH, the largest decrease in transcript abundance was observed between unamended and ATUamended controls. In addition, acetylene reduction activity was not detected in ATU-amended controls, indicating that inhibition of NH 4 (T) oxidizers may reduce the flux of NH 4 (T) toward this process and partially relieve fixed-N limitation for diazotrophs. In contrast, the largest decrease in amoA transcripts was observed between microcosms amended with ATU and unamended microcosms, which may suggest that treatment of cells with ATU results in a physiological response that suppresses amoA transcription. Amendment of PS microcosms with both ATU and NH 4 ϩ yielded unexpected results, most notably, detectable acetylene reduction (in the presence of added NH 4 ϩ ) and NH 4 (T) oxidation activity (in the presence of ATU) compared to individual NH 4 ϩ -or ATUamended controls. In the latter microcosms, rates of acetylene reduction were below the limit of detection. These observations can likely be attributed to the different mechanism by which NH 4 (T) and ATU suppress or inhibit N 2 fixation and NH 4 (T) oxidation, respectively, as well as the interaction/competition between these organisms for bioavailable nitrogen. ATU is thought to inhibit bacterial NH 4 (T) oxidation by chelating copper ions away from the active site of the ammonia monooxygenase (36) , and it is possible that the same mechanism is responsible for the partial inhibition of archaeal NH 4 (T) oxidation observed here and in previous studies (37) (38) (39) (40) (41) . In contrast, the data presented here indicate that NH 4 (T) may regulate NH 4 (T) oxidation at the transcriptional level. Treatment of cells with ATU would not necessarily be expected to completely suppress NH 4 (T) oxidation activity in the presence of ample NH 4 (T) (ATU plus NH 4 ϩ amendment), as new enzyme would be expected to be continuously generated if genes involved in NH 4 (T) oxidation were indeed transcriptionally regulated by NH 4 (T). In addition, elevated levels of ATU necessary for inhibition of NH 4 (T) oxidation have been noted in some pure cultures of AOA (37, 38) , highlighting the uncertainty regarding the biochemical and/or regulatory role of ATU in inhibiting the activity of AOA.
